Abstract Temperature-mediated plasticity in life history traits strongly affects the capability of ectotherms to cope with changing environmental temperatures. We hypothesised that temperature-mediated reaction norms of ectotherms are constrained by the availability of essential dietary lipids, i.e. polyunsaturated fatty acids (PUFA) and sterols, as these lipids are involved in the homeoviscous adaptation of biological membranes to changing temperatures. A life history experiment was conducted in which the freshwater herbivore Daphnia magna was raised at four different temperatures (10, 15, 20, 25°C) with food sources differing in their PUFA and sterol composition. Somatic growth rates increased significantly with increasing temperature, but differences among food sources were obtained only at 10°C at which animals grew better on PUFA-rich diets than on PUFA-deficient diets. PUFA-rich food sources resulted in significantly higher population growth rates at 10°C than PUFA-deficient food, and the optimum temperature for offspring production was clearly shifted towards colder temperatures with an increased availability of dietary PUFA. Supplementation of PUFAdeficient food with single PUFA enabled the production of viable offspring and significantly increased population growth rates at 10°C, indicating that dietary PUFA are crucial for the acclimation to cold temperatures. In contrast, cumulative numbers of viable offspring increased significantly upon cholesterol supplementation at 25°C and the optimum temperature for offspring production was shifted towards warmer temperatures, implying that sterol requirements increase with temperature. In conclusion, essential dietary lipids significantly affect temperaturemediated reaction norms of ectotherms and thus temperature-mediated plasticity in life history traits is subject to strong food quality constraints.
Introduction
Environmental temperature significantly affects phenotypic variation in life history traits of ectothermic animals. In general, ectotherms exposed to lower temperatures reach lower growth rates and mature at a larger body size compared to individuals exposed to warmer temperatures (Atkinson and Sibly 1997; Angilletta et al. 2004 ). This temperature-mediated plasticity in life history traits, and therewith the ability to grow and survive in an environment with changing temperatures, is subject to physiological constraints. Restructuring the lipid composition of biological membranes in response to changing temperatures is a major strategy by which ectotherms maintain vital physiological functions of membranes, and this homeoviscous adaptation of membrane lipids potentially affects the capability of ectotherms to cope with varying temperatures Communicated by Carla Caceres. (Sinensky 1974; Hazel and Prosser 1974) . Acclimatisation to low environmental temperatures in ectothermic animals is often associated with an increase in the proportion of mono-or polyunsaturated fatty acids (PUFA) within membrane phospholipids and, concomitantly, with a decrease in the proportion of saturated fatty acids (Hazel and Williams 1990) . The degree of unsaturation of membrane phospholipids, i.e. the number and position of double bonds within phospholipid acyl chains, can have pronounced effects on membrane properties (Hazel and Williams 1990 ). Long chain PUFA, i.e. PUFA with 20 or more carbon atoms, show a tendency to accumulate in cold-exposed and winter-active ectotherms, suggesting that they play an important role in the acclimation/adaptation to low temperatures (Farkas 1979; Schlechtriem et al. 2006; Smyntek et al. 2008) .
In general, animals are incapable of synthesising long chain PUFA de novo and hence a potential acclimation to cold temperatures may depend on the availablity of dietary PUFA. A deficiency in dietary PUFA has been shown to constrain growth and reproduction of ectotherms (von Elert 2002; Becker and Boersma 2003; Ravet et al. 2003; MartinCreuzburg et al. 2009 ). In general, five PUFA are considered to be essential: the three omega-3 (n-3) fatty acids a-linolenic acid (ALA, 18:3n-3), eicosapentaenoic acid (EPA, 20:5n-3), and docosahexaenoic acid (DHA, ) and the two omega-6 (n-6) fatty acids linoleic acid (LIN, ) and arachidonic acid (ARA, . EPA, DHA, and ARA have also been termed as 'conditionally dispensable' (Cunnane 2000) as some animals are capable of converting these PUFA from their respective precursors ALA and LIN. However, such conversion rates are often insufficient to meet physiological demands and thus dietary sources of these PUFA are required (Von Elert 2002; Leonard et al. 2004) .
Cholesterol is another indispensable structural component of cell membranes and as such is involved in the regulation of membrane fluidity, permeability, and the functioning of various membrane proteins (Haines 2001; Ohvo-Rekilä et al. 2002) . Altering the cholesterol content of cell membranes provides another mechanism by which organisms can adjust to changing environmental temperatures (Hazel and Williams 1990; Crockett 1998) . In particular at warmer temperatures, the static order of biological membranes is stabilised by cholesterol and the cholesterol content of membranes and animal tissues is often positively correlated with growth temperature (Hazel and Williams 1990; Hassett and Crockett 2009; Sperfeld and Wacker 2009) . In contrast to plants and algae, which contain a large variety of different sterols (phytosterols), cholesterol is the predominant sterol in animal tissues. In herbivorous animals, it is synthesised from dietary phytosterols, though not all phytosterols are suitable precursors for cholesterol (Behmer and Nes 2003; Martin-Creuzburg and von Elert 2009) . Consequently, in ectotherms that are unable to synthesise cholesterol de novo (e.g. all arthropods), one would expect that the requirements for suitable dietary sterols increase with increasing temperature (Hassett and Crockett 2009; Sperfeld and Wacker 2009) .
Using the freshwater herbivore Daphnia magna as model organism, we investigated food quality effects on life history traits at different temperatures to assess how temperature-mediated reaction norms of ectothermic animals are affected by the availability of essential dietary lipids. For this purpose, a life history experiment was conducted at four different temperatures at which juvenile animals were raised on algae (Scenedesmus obliquus, Nannochloropsis limnetica, Cryptomonas sp.) that differed in their PUFA and sterol composition. In addition, the lipid composition of the moderate food source S. obliquus, which is poor in PUFA and sterols that are conducive for somatic growth and reproduction, was experimentally modified by PUFA and sterol supplementation. We hypothesised that dietary PUFA supply gains in importance for somatic growth and reproduction with decreasing temperature, while dietary sterol supply gains in importance with increasing temperatures.
Materials and methods

Cultivation of algae
The green alga Scenedesmus obliquus (SAG 276-3a) was used as food for the stock cultures of Daphnia magna, it was grown in batch cultures in Cyano medium (Jüttner et al. 1983) . S. obliquus, the eustigmatophyte Nannochloropsis limnetica (SAG 18.99) , and the cryptophyte Cryptomonas sp. (SAG 26.80) were used as food for the Daphnia growth experiment. Algae were cultivated semi-continuously in aerated 5-L vessels at 20°C, illumination at 150 lmol quanta m -2 s -1
, and a dilution rate of 0.25 D -1 either in Cyano medium (S. obliquus, N. limnetica) or in Woods Hole (WC) medium with vitamins (Cryptomonas sp.). Although there were no indications that the food quality for Daphnia was affected by the addition of vitamins to the algal growth medium, we cannot completely rule out that the observed differences in food quality among the three algae were to some extent biased by the availability of vitamins (see, e.g., Keating 1985) . Food suspensions of these algae were obtained by centrifugation and resuspension in fresh medium. Carbon concentrations of the food suspensions were estimated from photometric light extinctions (800 nm) and from previously established regressions between carbon and light extinction determined in dilution series of each food suspension. The light extinction regressions were confirmed by subsequent carbon analysis of the food suspensions.
Liposome preparation
Liposome stock suspensions were prepared from 3 mg 1-palmitoyl-2-oleoyl-phosphatidylglycerol (POPG) and 7 mg 1-palmitoyl-2-oleoyl-phosphatidylcholin (POPC; Lipoid, Germany) dissolved in an aliquot of ethanol. PUFA-or cholesterol-containing liposomes were prepared by adding 3.33 mg of PUFA (ARA, EPA, or DHA) or cholesterol (all Sigma) from lipid stock solutions in ethanol. The resulting solutions were further processed as described in .
Growth experiments
Stock cultures of a clone of D. magna were raised in filtered lake water (0.2-lm pore-sized membrane filter) with saturating concentrations (2 mg C L -1 ) of S. obliquus. The growth experiment was conducted in climate chambers (16:8 h light:dark cycle) using third-clutch juveniles born within 12 h in glass beakers filled with 200 mL of filtered lake water. Animals were exposed to constant temperatures of 10, 15, 20, and 25°C, respectively, to cover a temperature range Daphnia species experience in the field. Algae were supplied at non-limiting concentrations (3 mg C L -1 ). Lipid supplementation was achieved by adding 60 lL of a PUFA-or cholesterol-containing liposome stock suspension to a corresponding beaker. To test for possible effects of the supplemented liposomes, 60 lL of a liposome stock suspension prepared without adding PUFA or sterols were used in a control treatment (cf. MartinCreuzburg et al. 2009 ). Each treatment consisted of three replicates with seven juvenile D. magna per beaker. Every day, daphnids were transferred into new beakers with freshly prepared food suspensions. On day 5, three daphnids were subsampled from each beaker, dried for 24 h, and weighed (Mettler Toledo XP2U; ±0.1 lg). The juvenile somatic growth rates (g) were determined as the increase in dry weight from the beginning of the experiment (W 0 ) to day 5 (W t ; t = age in days):
The remaining daphnids were kept in corresponding treatments until they had released their third-clutch juveniles. The number of viable offspring was determined in each successive reproduction cycle. Population growth rates (r) were estimated iteratively using the Euler-Lotka equation:
where l x is the age-specific survivorship, m x is the agespecific fecundity (total number of neonates divided by adult individuals in each beaker), and x is the age at reproduction (in days). The probability of survival until reproduction (l x ) was estimated from the mortality that occurred in the different treatments. Growth rates were calculated as means of each treatment. In addition to population growth rates, the cumulative numbers of viable offspring produced within the first three reproduction cycles were evaluated to assess the reproductive success of animals exposed to different temperatures and dietary quality.
Analyses
For the analysis of dietary fatty acids and sterols, *1 mg particulate organic carbon (POC) was filtered separately onto precombusted GF/F filters (Whatman, 25 mm). Filters were deposited in 7 mL of dichloromethane:methanol (2:1, v:v) and stored at -20°C. Total lipids were extracted, using three washes, from sonicated filters with dichloromethane:methanol (2:1, v:v). Pooled cell-free extracts were evaporated to dryness under N 2 -atmosphere. The lipid extracts were transesterified with methanolic HCl (3 mol L -1 , 60°C, 15 min) for the analysis of fatty acids or saponified with methanolic KOH (0.2 mol L -1 , 70°C, 1 h) for the analysis of sterols. Subsequently, fatty acid methyl esters (FAME) were extracted 39 with iso-hexane (2 mL); the neutral lipids were partitioned into iso-hexane:diethyl ether (9:1, v:v). The lipid-containing fraction was evaporated to dryness under N 2 and resuspended in iso-hexane (10-20 lL). Lipids were analysed by gas chromatography (GC; Hewlett-Packard 6890 TM ) equipped with a flame ionization detector (FID) and a DB-225 [J&W Scientific, 30 m 9 0.25 mm inner diameter (i.d.) 9 0.25 lm film] capillary column for FAME analysis and with a HP-5 (Agilent, 30 m 9 0.25 mm i.d. 9 0.25 lm film) capillary column for sterol analysis. Details of GC configurations are given elsewhere , 2010 . Lipids were quantified by comparison to internal standards (C17:0 ME and C23:0 ME; 5a-cholestan) of known concentrations, considering response factors determined previously with lipid standards (Sigma or Steraloids). Lipids were identified by their retention times and their mass spectra, which were recorded with a GC-mass spectrometer (GCQ, Finnigan MAT) equipped with a fused-silica capillary column (DB-225MS, J&W for FAMEs; DB-5MS, Agilent for sterols; GC configurations as described for FID). Sterols were analysed in their free form and as their trimethylsilyl derivatives, which were prepared by incubating 20 lL of iso-hexane sterol extract with 10 lL of N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) including 1% trimethylchlorosilane (TMCS) for 1 h at room temperature. Spectra were recorded between 50 and 600 amu in the electron impact (EI) ionization mode. The limit for quantitation of fatty acids and sterols was 20 ng. The absolute amount of each lipid was related to the particulate organic carbon (POC), which was determined as described in .
Data analysis
Data were analysed using the statistical software package R (v.2.11). Somatic and population growth rates of D. magna obtained with different food sources were plotted against the reciprocal temperature values (which are commonly used to analyse temperature dependent rates; Dixit and Ray 1982) and the slopes of the obtained linear regression models were compared using a multiple comparison q test according to Zar (2010) and classified into homogenous groups (P \ 0.05). Intercepts of the different regression models were not evaluated statistically as they did not represent ecologically relevant temperatures. In addition to linear regression models, differences in somatic and population growth rates between food treatments were analysed separately at the lowest and the highest temperature (i.e. at 10 and 25°C) using one-way analyses of variance (ANOVA). Raw data met the assumption of homogeneity of variance; treatment effects were tested by Tukey's honestly significant difference (HSD) tests.
The nonlinear regressions between temperature and cumulative numbers of viable offspring were analysed using the following optimum function:
where y is the cumulative number of viable offspring, a the slope of the parabola, T the temperature, x max the optimum temperature for offspring production, and y max the maximum number of viable offspring produced at x max within the first three reproduction cycles. Data were fitted to the equation using the function nls of R v.2.11. Differences in x max and y max between food treatments were then assessed by comparing the obtained 95% confidence intervals. Oneway ANOVA was also used to analyse differences in the cumulative numbers of viable offspring produced by D. magna at 10 and 25°C in the different food treatments.
Results
Biochemical composition of the food sources
The fatty acid composition of S. obliquus was characterised by high amounts of LIN and ALA and by the absence of PUFA [20 carbon atoms (Table 1 ). In contrast, N. limnetica contained considerable amounts of LIN and ARA, and exceptionally high amounts of EPA (Table 1 ). The fatty acid composition of Cryptomonas sp. was characterised by high amounts of LIN, ALA, stearidonic acid (SDA; 18:4n-3), and EPA, moderate amounts of DHA, and by the absence of ARA (Table 1) . Three sterols could be detected in S. obliquus (IUPAC names in parentheses): fungisterol (5a-ergost-7-en-3b-ol), chondrillasterol [(22E)-5a-poriferasta-7,22-dien-3b-ol], and 22-dihydrochondrillasterol (5a-poriferast-7-en-3b-ol). Cholesterol (cholest-5-en-3b-ol), 24-ethylcholesterol (24a or b), and (iso)fucosterol [24Z or E-stigmasta-5,24(28)-dien-3b-ol] were the principal sterols found in N. limnetica (Table 1 ). The C-24 stereochemistry of 24-ethylcholesterol, i.e., either sitosterol (24a; stigmast-5-en-3b-ol) or clionasterol (24b; poriferast-5-en-3b-ol), and the cis trans isomers fucosterol (E) and isofucosterol (Z) could not be identified with certainty. Stigmasterol (22E-stigmasta-5,22-dien-3b-ol) and (epi)brassicasterol (24a; 22E-campesta-5,22-dien-3b-ol or 24b; 22E-ergosta-5,22-dien-3b-ol) were the principal sterols found in Cryptomonas sp.
Liposomes packed with single PUFA or cholesterol contained considerable amounts of these PUFA or cholesterol, but neither cholesterol nor any PUFA were found in liposomes prepared without supplementing these compounds (Table 1) .
Temperature-dependent growth responses of D. magna
Juvenile somatic growth rates of D. magna increased considerably with increasing temperature, but the slopes of the linear regression models did not differ among the three different food algae or among supplemented treatments ( Fig. 1; Table 2 ). In addition to the linear regression analyses, differences in somatic growth rates between food treatments were analysed at the lowest and the highest temperature, i.e. at 10 and 25°C. At 10°C, somatic growth rates of D. magna fed Cryptomonas sp. were significantly higher than those of animals fed S. obliquus (Tukey's HSD, P \ 0.05 following ANOVA, F 7,16 = 5.70, P = 0.002; Fig. 1 ), but somatic growth rates obtained with N. limnetica did not differ significantly from those obtained with S. obliquus or Cryptomonas sp. (Tukey's HSD, P [ 0.05). At 25°C, somatic growth rates did not differ significantly between food treatments (ANOVA, F 7,16 = 2.42, P = 0.068; Fig. 1 ). The supplementation of S. obliquus with single PUFA or cholesterol did not significantly improve somatic growth rates of D. magna at any temperature (Tukey's HSD, P [ 0.05; Fig. 1 ).
As with somatic growth rates, population growth rates of D. magna increased considerably with increasing temperatures. In contrast, however, the slopes of the obtained linear regression models differed significantly between food sources ( Fig. 2 ; Table 2 ). The linear regressions between temperature and population growth rates of D. magna fed N. limnetica or Cryptomonas sp. were characterised by significantly lower slopes than the regression obtained with dietary S. obliquus (Table 2) , which is mostly due to the significantly higher population growth rates obtained with N. limnetica or Cryptomonas sp. at 10°C (Tukey's HSD, P \ 0.05 following ANOVA, F 7,16 = 44.35, P \ 0.001; Fig. 2 ). Likewise, supplementation of S. obliquus with ARA, EPA or DHA enabled the production of viable offspring and resulted in significantly increased population growth rates at 10°C (Tukey's HSD, P \ 0.05) and, consequently, in lower slopes of the linear regressions between temperature and population growth rates ( Fig. 2; Table 2 ). Effectively, at 10°C, population growth rates increased upon ARA or EPA supplementation up to the level obtained with N. limnetica as food. In contrast, supplementation of S. obliquus with cholesterolcontaining liposomes did not affect population growth rates of D. magna at 10°C (Tukey's HSD, P [ 0.05; Fig. 2 ) and the slopes of the regression models did not differ (Table 2) . At 25°C, population growth rates obtained with N. limnetica were significantly lower than those obtained with S. obliquus, whereas population growth rates obtained with Cryptomonas sp. were significantly higher than those obtained with S. obliquus (Tukey's HSD, P \ 0.05 following ANOVA, F 7,16 = 66.99, P \ 0.001; Fig. 2 ). At 25°C, supplementation of S. obliquus with control liposomes or DHA-containing liposomes did not affect population growth rates of D. magna (Tukey's HSD, P [ 0.05; Fig. 2) . However, population growth rates on a S. obliquus diet slightly but significantly increased upon ARA and EPA supplementation at 25°C (Tukey's HSD, P \ 0.05; Fig. 2 ). The supplementation of S. obliquus with cholesterol did not significantly increase population growth rates at 25°C (Tukey's HSD, P = 0.086; Fig. 2) .
The cumulative numbers of viable offspring produced by D. magna were significantly affected by temperature and food treatments. Temperature-dependent offspring production was analysed using non-linear regression models (Fig. 3) , and differences between the optimum functions obtained with the different food sources were then assessed by comparing the 95% confidence intervals of the calculated optimum temperature for offspring production (x max ) and the maximum numbers of viable offspring (y max ; Table 3 ). In general, at any temperature, the cumulative numbers of viable offspring produced by D. magna were highest when fed Cryptomonas sp. (Fig. 3) . The regression model revealed that the highest numbers of viable offspring were produced by animals fed Cryptomonas sp. at a temperature of 16.5°C ( Fig. 3; Table 3 ). In contrast, with N. limnetica as food, the highest numbers of viable offspring were produced at 11.8°C and with a 
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S. obliquus as food at 18.8°C ( Fig. 3; Table 3 ), whereas the maximum numbers of viable offspring produced with N. limnetica or S. obliquus did not differ. Hence, the optimum temperature for offspring production differed significantly between food sources (confidence intervals of the calculated temperatures did not overlap). Supplementation of S. obliquus with ARA or EPA increased the production of viable offspring at any temperature (Fig. 3) , and the maximum numbers of viable offspring (y max ) did not differ significantly between the Cryptomonas sp. diet and the ARA-or EPA-supplemented diets (Table 3) .
However, the positive effect of ARA and EPA supplementation was most evident at 10°C because at this temperature animals were unable to produce viable offspring without ARA or EPA supplementation (Fig. 3) . At 10°C, D. magna fed unsupplemented S. obliquus or S. obliquus supplemented with control liposomes or cholesterol-containing liposomes produced eggs, but these eggs were stripped off with exuviae during molting, remained at the bottom of the beakers and did not further develop (only a single viable offspring was observed, when unsupplemented or cholesterol-supplemented S. obliquus was used as food). At any temperature, offspring production slightly increased upon DHA supplementation, but the maximum numbers of viable offspring (y max ) did not differ significantly between S. obliquus and the DHA supplemented diet ( Fig. 3 ; Table 3 ). The optimum temperature for offspring production (x max ) was not significantly affected by PUFA supplementation ( Fig. 3 ; Table 3 ). In contrast, the supplementation of S. obliquus with cholesterol significantly increased offspring production at 25°C (Tukey's HSD, P \ 0.05 following ANOVA, F 7,16 = 51.92, P \ 0.001; Fig. 3) , and, as a consequence, the optimum temperature for offspring production (x max ) was shifted towards warmer temperatures (from 18.8 to 20.2°C; Table 3 ). The age at reproduction (defined as the days needed to release offspring) was significantly affected by temperature but not by food treatments. With increasing temperature, the age at first reproduction decreased on average from 24, 12, 9, to 7 days at 10, 15, 20, and 25°C, respectively. Maternal mortality was marginal (only five animals died during the experiment) and not affected by food or temperature.
Discussion
Temperature-mediated reaction norms for somatic and population growth of D. magna were differently affected by the quality of the available food. A comparison of juvenile somatic growth rates revealed significant differences only at the lowest test temperature. It was suggested that dietary PUFA play a substantial role for somatic growth in particular at colder temperatures (Masclaux et al. 2009 ) and that EPA growth saturation thresholds are higher at low compared to high temperatures (Sperfeld and Wacker 2011) , which is in accordance with our finding that the PUFA-rich algae Cryptomonas sp. and N. limnetica allowed for higher somatic growth rates at 10°C (statistically significant only for Cryptomonas sp.). However, this hypothesis was challenged by the finding that supplementation of S. obliquus with single PUFA did not significantly increase somatic growth rates of D. magna at 10°C, which suggests that somatic growth was constrained by other factors than dietary lipids at this temperature.
The availability of dietary PUFA gains in importance in later life stages when animals increase their investment in reproduction , 2010 . As with juvenile somatic growth rates, population growth rates of D. magna increased considerably with increasing temperature. In contrast, however, the temperature-mediated reaction norms of population growth rates were significantly affected by the quality of the available food. In particular at 10°C, population growth rates of animals fed Cryptomonas sp. or N. limnetica were significantly higher than those of animals fed S. obliquus, suggesting that dietary long chain PUFA are crucial for biomass production at colder temperatures. This implication is corroborated by the finding that supplementation of S. obliquus with single PUFA (ARA, EPA, or DHA) significantly increased population growth rates at 10°C and, consequently, by a lower slope of the applied linear regression model. At 10°C, population growth rates of animals fed S. obliquus increased upon ARA or EPA supplementation up and hence population growth rates could not be calculated using Eq. (2). Thus, population growth rates of animals fed S. obliquus supplemented with control liposomes at 10°C were calculated using the offspring numbers produced by animals fed unsupplemented S. obliquus at 10°C in order to obtain the full temperature range for all food treatments for statistical evaluations. This is a conservative assumption because no reproduction would end up in even more negative population growth rates and would increase the significance of the differences to the fatty acid supplementation treatments Oecologia (2012) 168:901-912 907 to the level obtained with N. limnetica and almost up to the level obtained with Cryptomonas sp., which indicates that differences in food quality among the three algae are at this temperature primarily due to differences in their PUFA composition. At 25°C, however, population growth rates of animals fed S. obliquus were higher than those of animals fed N. limnetica, resulting in an intersection of the temperaturemediated reaction norms. Hence, the dietary quality of the two algae for D. magna changed differently with temperature. At 25°C, population growth rates on a S. obliquus diet increased slightly upon ARA and EPA supplementation, indicating that these long chain PUFA also support population growth at higher temperatures. Besides their significance for membrane physiology, ARA and EPA serve as precursors for eicosanoids (e.g. prostaglandins), locally acting hormones, which in both vertebrates and invertebrates are important mediators in reproduction, the immune system, and ion transport physiology (Stanley 2000; Heckmann et al. 2008) . Considering that not all the multiple functions ARA and EPA assume in animal physiology are related to temperature acclimation, this Table 2 ); significant P values are shown, N.S. not significant. Animals fed S. obliquus supplemented with control liposomes (b) did not produce any viable offspring at 10°C and hence population growth rates could not be calculated (for details, see Table 2) implies that a dietary source of these PUFA is also required at warmer temperatures. Recently, it has been shown that both dietary ARA and EPA strongly improve population growth rates of D. magna on a PUFA-free diet at 20°C . Supplementation of S. obliquus with DHA also significantly increased population growth rates of D. magna at 10°C, albeit this positive effect was less pronounced than the effect obtained upon ARA or EPA supplementation. The tendency of DHA to accumulate in winter-active poikilotherms suggests that this PUFA plays a crucial role in the adaptation to low temperatures (Hazel and Williams 1990; Smyntek et al. 2008) . However, as dietary DHA is effectively converted to EPA in Daphnia (von Elert 2002; Martin-Creuzburg et al. 2010) , the positive effect of DHA supplementation on population growth rates is presumably the result of an increased availability of EPA.
The cumulative numbers of viable offspring produced by D. magna were significantly affected by both temperature and food treatments. At any temperature, the cumulative numbers of viable offspring produced by D. magna were highest with Cryptomonas sp. as food, indicating that Fig. 3 Cumulative numbers of viable offspring produced by D. magna (means ± SD, n = 3) in the first three reproduction cycles. Animals were raised at four temperatures (10, 15, 20, 25°C) Table 3 ) Oecologia (2012) 168:901-912 909 Cryptomonas sp. is of superior food quality for D. magna.
The regression model revealed that the optimum temperatures for offspring production differed significantly among the three algae tested. Interestingly, this optimum shifted towards colder temperatures with an increased availability of dietary PUFA, as total PUFA concentrations of the three food algae increased from S. obliquus, Cryptomonas sp., to N. limnetica, again suggesting that dietary PUFA play a vital role in temperature acclimation, in particular for the ability to grow and reproduce at colder temperatures. The temperature range at which high numbers of cumulative offspring were produced was smallest on a S. obliquus diet and, compared to Cryptomonas sp. and N. limnetica, clearly shifted towards warmer temperatures. S. obliquus contained high amounts of C18 PUFA, but no PUFA with [18 carbon atoms. With N. limnetica as food, the temperature range at which high numbers of cumulative offspring were produced was clearly shifted towards colder temperatures. In fact, the food quality of N. limnetica, as judged by offspring production, decreased with increasing temperature. As N. limnetica contains exceptionally high EPA concentrations, decreasing offspring production with increasing temperature might be due to toxic products generated by the temperature-mediated peroxidation of excess dietary EPA (Crockett 2008 ; see also Watson et al. 2009 for toxic effects of dietary EPA). The supplementation of S. obliquus with ARA or EPA significantly increased the production of viable offspring at any temperature, and the maximum numbers of viable offspring increased upon ARA or EPA supplementation up to the level obtained with Cryptomonas sp. as food. Although the optimum temperature for offspring production was not affected by PUFA supplementation, the favourable effect of ARA and EPA supplementation was most evident at 10°C, because at this temperature animals were unable to produce viable offspring without ARA or EPA supplementation (DHA supplementation was less efficient). In all other food treatments, animals produced eggs at 10°C, but these eggs did not further develop. At 10°C, cumulative numbers of viable offspring increased upon ARA or EPA supplementation by [99%, yet at 25°C they only increased by 34 and 30%, respectively, clearly indicating that dietary ARA and EPA gain in importance for offspring production with decreasing temperature.
The supplementation of S. obliquus with cholesterol did not significantly affect somatic or population growth rates of D. magna. However, the cumulative numbers of viable offspring increased significantly upon cholesterol supplementation at 25°C and, consequently, the optimum temperature for offspring production was shifted from 18.8 to 20.2°C, which adds to previous findings that sterol requirements of aquatic invertebrates increase with temperature (Hassett and Crockett 2009; Sperfeld and Wacker 2009) . The sterol content of S. obliquus was rather low and close to the proposed threshold concentrations for sterollimited growth of D. magna (Martin-Creuzburg et al. 2005 Sperfeld and Wacker 2009) . Moreover, the phytosterols present in this green alga might be less suitable to satisfy dietary sterol requirements than cholesterol or other phytosterols (Martin-Creuzburg and von Elert 2009; Piepho et al. 2010) . Hence, this suggests that offspring production of D. magna on a S. obliquus diet at temperatures [20°C is constrained by the absence of suitable sterols. In fact, the finding that offspring production on a S. obliquus diet at temperatures [20°C improved upon cholesterol and PUFA (ARA and EPA) supplementation suggests a colimitation of D. magna by dietary sterols and PUFA at this growth condition (cf. ).
In general, growth rates of animals increase with temperature up to a physiological optimum. Above this optimum, growth rates rapidly decline with increasing temperature (Mitchell et al. 2004 ). In our study, somatic and population growth rates increased with increasing temperature, but did not show a distinct optimum, which suggests that the optimum temperature for somatic and population growth has not been achieved. In accordance with our data, it has been reported that the optimum temperature for growth of D. magna is above 25°C (Mitchell and Lampert 2000) . However, in contrast to somatic and population growth rates, temperature-mediated offspring production could be clearly described using an optimum function. It has been reported that, despite faster growth at higher temperatures, individual D. magna reared at 25°C were lighter and produced fewer eggs in their first reproduction cycle than individuals at colder temperatures . This is in accordance with the 'temperature-size rule', which states that a decrease in environmental temperature leads to reduced growth rates, but to an increase in adult body size, in ectotherms (Atkinson 1995; Angilletta et al. 2004) . As body size and clutch size are correlated in Daphnia (Lynch 1980; Gliwicz and Boavida 1996) , this also explains why, in our study, the shape of the temperature-mediated reaction norms for juvenile somatic growth and offspring production differed, i.e. why somatic growth rates continuously increased with increasing temperature while offspring production decreased again at higher temperatures. Interestingly, the shape of the temperature-mediated reaction norms of population growth (a rather linear relationship) and offspring production (optimum function) also differed at warmer temperatures, although offspring production is considered in the EulerLotka equation used here to estimate population growth rates. The relative differences between the numbers of viable offspring produced with different food sources, e.g. between S. obliquus and the EPA-supplemented diet, were highest at 10°C, in particular in the first clutch, which affects the calculation of population growth rates using the Euler-Lotka equation more than subsequent clutches. This explains why the temperature-mediated reaction norms of population growth obtained for these food sources converge at the highest temperature (25°C). Differences in shape between the temperature-mediated reaction norms of population growth and offspring production are primarily due to the fact that the age at reproduction, a parameter considered in the calculation of population growth rates, decreased continually with increasing rearing temperature (from 24 days at 10°C to 7 days at 25°C).
We show here that temperature-mediated reaction norms of D. magna are significantly affected by food quality and that these differences in reaction norms are primarily due to the availability of dietary lipids. However, the mechanisms by which temperature can influence life history traits of animals are manifold, as most physiological processes are affected by temperature, and these mechanisms are not mutually exclusive. Hence, temperature-mediated reaction norms of animals are presumably the result of complex interactive thermal effects and whether or not a reaction norm can be attributed to a particular mechanism will depend on the relative strength of the different effects (Angilletta et al. 2004) . Daphnia have become important model organisms in ecological and evolutionary research and they are frequently used to study phenotypic plasticity, e.g. physiological adaptations to changing environmental conditions (Ebert 2011) . The recently published draft genome of D. pulex (Colbourne et al. 2011 ) will open new avenues to explore the genetic basis of environmentally induced physiological constraints, e.g. of processes related to the uptake and utilisation of essential lipids at different temperatures. As many ectotherms rely on a dietary source of PUFA and sterols to adjust their membranes to different temperatures, we conclude that the ability to grow and survive in an environment with continually changing temperatures is greatly affected by the lipid composition of the available food and that the temperature-mediated plasticity of life history traits of ectotherms is subject to strong food quality constraints.
